The unified power flow controller (UPFC) is recognized as one of the most promising flexible ac transmission system (FACTS) devices for modern power systems, due to its versatile functionalities. Based on typical operation conditions, this paper investigates the global and local power flow operation rules of the UPFC embedded transmission system theoretically. First, the detailed global power flow model (GPFM) and the local power flow model (LPFM) are established concerning several selected critical points (SCPs) in the system. The theoretical power flow operation rules for the ranges, the movements and the trajectories of GPFM and LPFM are analyzed, respectively. Then, the case study is performed based on the proposed simplified model, and the results are analyzed from GPFM and LPFM perspectives respectively. The operation rules and the power flow ranges is studied. Further case studies based on the proposed original mathematical model are also carried out, and the results are listed from different viewpoints of two-dimensional planes and three-dimensional spaces. All types of results are also analyzed from GPFM and LPFM perspectives, which verify that the UPFC is adaptive to various operation conditions for power flow regulation.
I. INTRODUCTION
Since the concept and principle of the unified power flow control (UPFC) was proposed by L.Gyugyi years ago, it has drawn attentions from both the industry and the academia. UPFC has prominent advantages and efficiencies to regulation the power systems in multiple terms, such as power flow operation, bus voltage, line impendence, phase angle difference and reactive compensation [1] - [4] . Up till now, UPFC has been regarded as one of the most advanced and promising FACTS devices.
Over the recent years, there have been lots of researches on the power flow modeling of UPFC [5] - [10] . Various forms of equivalent power flow models of UPFC have been The associate editor coordinating the review of this manuscript and approving it for publication was Shuaihu Li . established, including the power injection models, the current injection models, the load injection model, the decoupled model, indirect model and ideal transformer model. However, the above researches mainly focus on the equivalent formulas or circuits of the UPFC power flow models, and the researches based on equivalent models may not be able to explain the actual power flow rules of UPFC with detailed circuits. Next, the equivalent power flow models only concentrate on evaluating the input or output power flows at the sending side or receiving side of the UPFC embedded lines, regardless of the specific power flows inside the UPFC embedded system. Moreover, the equivalent models mainly attempt to evaluate the power flow operation rules of UPFC in normal operation conditions, which only reflect the power flows within certain limited operation regions. When the system operation condition varies, the existing methods could not outline the overall change rules of power flows throughout the whole P-Q plane.
A number of researches concerning the power flow control strategies for UPFC have also been carried out, in order to improve the power flow regulation performance by UPFC. For example, the decoupled control, the cross-coupling suppression and the decoupling adaptive control were proposed in [11] - [13] . Several control modes of UPFC like general or direct voltage injection control of series voltage, functionality dependent control variables setting and entire control with vertical, resolving and horizontal regulations were designed in [14] - [16] . However, the proposed control strategies mainly focus on improving the power flow regulation capabilities by UPFC, such as the smoothness of power flow fluctuations, the rapidity of the power flows transiting to required values. Existed control strategies have not evaluated the detailed nonlinear power flows variations characteristics dependent of the magnitudes and phase angles of the output series inserted voltage (OSIV) of UPFC. Additionally, these control strategies could not outline the detailed transition processes from different operation points (P-Q points) to certain common regions controlled by UPFC.
There are also various researches on integrating advanced algorithms with the power flow models of UPFC, aiming to improve the power flow convergence performances by UPFC.
In [17] - [19] , the methods of the congestion management optimizations, the line loss minimization and the differential evolution (DE) were integrated into the power flow models of UPFC, respectively. In [20] - [22] , the power flow models of UPFC had taken certain additional parameters into account, such as the system parametric uncertainties, the wind power uncertainties and the prerequisites of micro-grids. Nevertheless, the above proposed advanced algorithms for power flow modeling of UPFC are based on many additional prerequisites, uncertainties, or objective functions. As a result, the derived power flow results or rules of UPFC may be over idealized for specific calculation needs or only be suitable to special operation scenarios, they are not practical and generalizable to the general power systems.
In fact, the research on power flow modeling and operation rules of UPFC is the important basis for mastering the steadystate operation characteristics, the reactive power compensation and the control strategies of UPFC. First, it is necessary to study the original or actual power flow operation rules of UPFC based on detailed circuits and exclude additional uncertainties and objectives, to ensure the obtained results are suitable for general engineering scenarios. Second, the power flows at several critical points inside the system have intensively changed after the insertion of UPFC. It is essential to analyze and compare the detailed power flows at different critical points inside the system, and to further evaluate the detailed nonlinear power flows variations characteristics dependent of the OSIV more clearly. Third, the operation points of UPFC may locate at any possible positions of the P-Q plane when the operation condition varies. It is requisite to outline the overall moving trajectories of the power flow operation points throughout the whole P-Q plane, and the detailed transition processes from different operation points (P-Q points) to certain common regions controlled by UPFC. In order to meet the above mentioned needs, this paper attempts to analyze the theoretical power flow operation rules of UPFC based on the mathematical models derived from the detailed actual circuit of the UPFC embedded systems.
The outline of this paper is as follows: Section II discusses the theoretical model and rules of global power flow model (GPFM) and the local power flow model (LPFM). The case studies for the theoretical rules based on the simplified model were conducted and analyzed in Section III. The case studies and analysis based on the detailed model were carried out in Section IV. Section V is the concluding section.
II. MODELING AND THEORETICAL RULES FOR THE GPFM AND LPFM OF UPFC A. MATHEMATICAL MODEL FOR THE GPFM AND LPFM OF UPFC
The structural diagram of UPFC embedded system is shown as Fig.1 . The UPFC mainly contains two back to back converters via a common dc capacitor link. The shunt converter is mainly used to provide reactive power support for the sending end bus1 and also to maintain the dc voltage of the dc common link. The power flow regulation for the system is mainly realized by the output series inserted voltage v 12 (OSIV) of the series converter in the UPFC. Accordingly, with the insertions of the shunt and series sides of UPFC, the power flows of particular points in the system have been significantly changed. In order to deduce the detailed power flow operation rules of the UPFC embedded system, several SCPs are specially selected to format the power flow mathematical models comprehensively based on the detailed actual circuit as shown in Fig.1 .
In Fig.1 , SCP1 stands for the sending end bus1 of the system; SCP2 denotes the output series inserted voltage of UPFC; SCP3 means the bus2 of the series side of UPFC; SCP4 represents the receiving end bus of the system; SCP5 specifies the impendence of the receiving end lines.
In general, the basic derivative equations for the active and reactive power flows are listed as below.
Here in (1), the subscript j (j = 1, 2, . . . , 5) denotes the number of each SCP. v j and I j stand for the voltage and current for SCP j . Re and Im represent the real and imaginary part of the apparent power flow; P j and Q j stand for the active and reactive power flows at SCP j , respectively. The impendence of receiving end line is denoted by z r = r r + jx r . V 1 stand for the bus voltage of sending end at SCP1; v 12 denotes the output series inserted voltage at SCP2; v 2 specifies the bus voltage of the series side of UPFC at SCP3; v r denotes the bus voltage of receiving end at SCP4 and v zr means the voltage of receiving end impendence at SCP5.
As the voltage of the Bus1 is always maintained constant by strong reactive power support from the shunt converter in the UPFC, it is assumed as V 1 = 1 0. The other primary variables are assumed as V r = V r δ, V 12 = v 12 θ, x r = 0.5 p.u..
Based on the above assumptions, the original power flow model for the UPFC embedded system has been derived as in Appendix. As the resistance r zr of the transmission line is included in the original model, it is more suitable and precise to evaluate the power flow operation rules of UPFC within certain limited regions. Considering the complicated structure of the original model, it is just too tedious to analyze the power flow operation rules and ranges.
In order to intuitively display and outline the power flow operation rules of UPFC throughout all the quadrants in the P-Q plane, the original power flow model has to be simplified. Noted that the resistance r r is much smaller than the reactance x r in transmission lines, r r could be assumed to be zero for simplicity. After reorganizing, the simplified power flow model is listed as follows:
From (2)-(6), all the power flow models of each SCP contain the former parts with suffix g and the latter parts with suffix l.
When θ varies, the former parts in (2) (P 1g and Q 1g ) form a circular loops with (0, V 2 1 /x r ) as the center and (0, V 1 v r /x r ) as the radius in the P-Q plane. When δ varies, the latter parts in (2) (P 1l and Q 1l ) also form a circular loops with (0, 0) as the center and (0, V 1 v 12 /x r ) as the radius. Therefore, the circular trajectories of the former part are just the moving traces of the circular loop center for the latter part. The rules are also suitable for (4) and (5) . It should be noted that the latter parts in (4) (P 2l and Q 2l ) defines an elliptical loop, rather than a circular loop.
As for (3), the former parts (P 12g and Q 12g ) are both zero, and the power flows at SCP2 are only composed by the latter parts (P 12l and Q 12l ). Thus, the whole power flow equation only presents the closed loops of the latter parts. It is noted that the active power P zr of SCP5 in (6) have always remained at zero, that the whole power flow equation only presents a line perpendicular to the P axis.
B. THEORETICAL RULES FOR THE GPFM AND LPFM OF UPFC
The latter parts of the model in (2)-(6) mainly consist of the segments containing the magnitudes and phase angles of the OSIV. For a constant magnitude of the OSIV, the active and reactive powers of the OSIV are determined by the phase angle θ of OSIV. Therefore, the operation points (P-Q points) form a closed loop in the P-Q plane when the phase angle θ of the OSIV varies from 0 • to 360 • . The closed loop is denoted as the power flow operation loop (PFOL), and the PFOL determined by the largest possible magnitudes of the OSIV is denoted as the maximum PFOL (MPFOL). It is also noted that the boundaries for the PFOLs of the OSIV are determined by the magnitudes of the OSIV. Thus, it could be concluded that all possible operation points of particular phase angle θ will form a power flow curve within the MPFOL (denoted as PFCP). The PFCP will rotate within the MPFOL with different phase angle θ. Therefore, the latter parts of the model describe the power flow areas for the PFOL of the UPFC, and here they are assumed as the local power flow model (LPFM).
The former parts of the model with suffix g comprise the remained segments excluding the LPFM, which mainly contain the segments of phase difference δ, V 1 and v r . When the phase difference δ varies, the PFOL would move along particular trajectories in the P-Q plane. The moving trajectories of the PFOL (MTOP) could be depicted by the former parts of the model, and the ranges or equivalent radiuses of the MTOP are determined by the magnitudes of V 1 and v r (denoted as R t ). As the positions of the PFOL in the P-Q plane are also determined by the MTOP, so here the former parts of the model are assumed as the global power flow model (GPFM).
It should be noted that, the former parts of active and reactive power of SCP2 are both derived to be zero, so that the power flows of SCP2 will not move along particular trajectories, but only varies within the defined areas by the MPFOL. Moreover, the real power of SCP5 also remains at zero due to the assumption of R zr being zero.
For displaying the theoretical models more intuitively, the schematic diagram of the model has also been plotted in In Fig.2 , the phase difference δ represents the system operation conditions. When the phase difference δ varies, the PFOL would also revolve along particular trajectories denoted by the green dotted lines, and the ranges of the MTOP are proportional to its equivalent radiuses which can be depicted by the interconnect lines denoted by R t between the two centers of MTOP and PFOL. It could be figured out that the PFOL will shift to another MTOP while the R t changes.
Upon the above analysis, it could be concluded that the LPFM aims to describe the changing rules concerning the ranges of PFOL and the distributions of PFCP with the variations of the magnitudes and phase angle θ of OSIV. The GPFM attempts to outline the moving trajectories and changing positions of PFOL with the variations of the system operation conditions containing the phase difference δ and the equivalent radius R t .
When the system operation conditions varies, there exist two special types of movements concerning the power flow models of UPFC at the same time, including the rotations of PFCP in the LPFM and the revolutions of PFOL in the GPFM. The rotations of PFCP are dependent of the magnitudes and phase angle θ of OSIV; the revolutions of PFOL are dependent of the equivalent radiuses and phase difference δ of the operation conditions. The specific distributions of active and reactive power flow of UPFC are located at certain points of the power flow curves within PFOL. 
III. TEST RESULTS OF THE GPFM AND LPFM BASED ON THE SIMPLIFIED MATHEMATICAL MODEL
As previously discussed, the simplified mathematical model in Section II is convenient for describing the power flow operation rules of UPFC throughout the four quadrants of the P-Q plane. In this section, the tests for this model and the theoretical power flow rules will be outlined and analyzed.
The typical operation conditions have been assumed as in Tab.1. The first five conditions are assumed as the normal operation conditions, while the last condition is assumed as the severe operation condition.
The calculated operation characteristic results contain both the GPFM and LPFM of each SCP are plotted in Fig.3 . In order to describe the global and local power flow rules clearly, the results would be analyzed from both the GPFM and the LPFM perspectives, respectively. It should be pointed out that, the following tests and analysis mainly concentrate on the steady-state power flow operation rules regardless of the transient behaviors of UPFC in transition from an operation point to another one.
A. ANALYSIS FROM THE GPFM PERSPECTIVE
It is noticed that all the MTOP share the same center at fixed initial points and are proportional to its equivalent radiuses R t . With different phase difference δ, PFOLs for SCP1, SCP3 and SCP4 arrange along certain trajectories. If the equivalent radius R t of MTOP varies due to the change of V 1 or v r , all the PFOLs would step to a new MTOP. Additionally, all the MTOPs for SCP1 and SCP3 share one same center, but the MTOP for SCP4 will gradually shift upwards with the R t decreasing.
It is also noticed that the shapes of PFOLs for SCP1 almost remain the same with the different operation conditions, whereas the shapes of PFOLs for SCP3 change significantly when the operation condition varies. Most PFOLs of SCP1 and SCP4 in the normal operation conditions are near to each other and may share common regions, which means that the power flows or P-Q points in different ac system conditions could be regulated to the same points or regions by UPFC. The PFOL in the severe operation condition has revolved to a distant position, but the PFOL of SCP3 in the severe operation condition has intersected by some areas with the PFOL of condition 5.
Take more attention for SCP4, the centers and positions of MTOP shift upwards when the R t decreases, and the MTOP with different R t intersect with each other. These features reveal that the power flows or P-Q points at the receiving end of the system could be regulated to the same operation regions by UPFC even the MTOP for all the PFOL has changed. The areas of the PFOL for SCP4 also decrease by some extent when the R t decreases. Therefore, R t should also remain at a higher value in order to maintain enough capability for power flow regulations.
In order to describe the operation ranges and rules of the power flows of UPFC more specifically, the upper boundaries and lower boundaries of each PFOL along the MTOP of R t = 2.0 have been listed in Tab.2∼Tab.4. The differences between the two boundaries of the active and reactive power flow for each SCP have also been deduced, which mainly reflect the operation ranges or regulation limits of the certain PFOL of UPFC. Here, P UB , P LB denote the upper boundaries and lower boundaries for the active powers of PFOL; Q UB , Q LB present the upper boundaries and lower boundaries for the reactive powers of PFOL; T PUB and T PLB specify the upper boundaries and lower boundaries for the active powers of MTOP, and T QUB and T QLB mean the upper boundaries and lower boundaries for the reactive powers of MTOP.
B. ANALYSIS FROM THE LPFM PERSPECTIVE
From the perspective of LPFM, the relative positions of PFCP for SCP1 with regard to θ of −π/6 and −π/6 have hardly rotated and remained almost unchanged when the operation condition changes. However, the two concerned PFCPs for As for the PFCPs for SCP3, the PFCP in the severe operation condition not only have rotated by larger degrees but also their relative positions have changed compared with the normal operation conditions. The above features reveal that the power flows or P-Q points on the PFCP can be regulated by UPFC to rotate at necessary positions.
As there are no MTOPs remained at SCP2, all the PFOLs for SCP2 stay at the initial point. The areas of all the PFOLs and the lengths of PFCP for SCP2 are both proportional to the magnitude of OSIV. The most prominent feature for SCP2 is that the PFCPs present nonlinearity, which means that the gradients of the PFCPs change with the variations of operation conditions. In contrast, the PFCP for SCP1, SCP3 and SCP4 all present linear. The above characteristic means that the power flow regulation with the OSIV should be adaptive to the system operation conditions. According to Tab.3 and Tab.4, the differences between the upper and lower boundaries for the two SCPs always remain constant under different operation conditions, as the PFOLs for SCP1 and SCP4 almost keep circular, meaning that the ranges of real and reactive power of the PFOL for SCP1 and SCP4 are almost unchanged in all operation conditions.
The differences between the upper and lower boundaries for the active power of SCP3 also remain constant under different conditions, but those for the reactive power of SCP3 apparently vary under different conditions. The feature coincides with the theoretical model, in which the PFOL for SCP3 exhibit elliptical loops.
The similar regularities could also be obtained from SCP3, in which the differences between the upper and lower boundaries for both the active and reactive power always vary under different conditions, indicating the regions of their PFOLs are elliptical areas. It should be pointed out that the differences between the upper and lower boundaries for the active power for SCP5 remain zero in Tab.3 due to the ignorance of R zr in the simplified model.
For visually exhibiting and comparing the upper and lower boundaries regarding the MTOP and the power flows for each SCP, the corresponding stacked histograms are plotted in Fig.5 , respectively. For simplicity of layout, the upper and lower boundaries of all the PFOL along the trajectory of R t = 1.64 are not listed in Tables, yet they may reflect the similar rules as R t = 2.0.
IV. TEST RESULTS OF THE GPFM AND LPFM BASED ON THE ORIGINAL MATHEMATICAL MODEL
As discussed in Section II, the original mathematical model is only too complicated to intuitively outline the power flows throughout the whole coordinate, but it is more suitable and precise to evaluate the power flows within certain regions in the coordinate. In this section, the case studies based on the original mathematical model in Appendix are carried out from both the GPFM and LPFM perspectives, and they are compared with the results based on the simplified model.
Here, the resistance of the receiving end line is taken into consideration, and it is assumed as r r = 0.025 p.u. Four typical operation conditions for the tests are listed in Tab.5. The first three conditions are assumed as the normal operation conditions, while the fourth condition is assumed as the severe operation condition. The voltage sag of v r is considered in the third and fourth condition.
To describe the power flow operation rules of UPFC more comprehensively, the results are listed in two-dimensional planes and three-dimensional spaces, and analyzed from the GPFM and LPFM perspectives. 
A. TEST RESULTS GROUP OF ACTIVE POWER AGAINST REACTIVE POWER 1) ANALYSIS FROM THE GPFM PERSPECTIVE
The test results from the GPFM perspective mainly outline the change of PFOL with regard to operation conditions. It can be seen from Fig. 6 that the PFOLs for SCP1, SCP3 and SCP4 under the three normal conditions all concentrate within particular regions and intersect with each other by certain areas. According to Tab.6 and Tab.7, the differences between the two boundaries for SCP1 are about 0.72 p.u., which is similar with the results based on the simplified model. Due to the consideration of r r , the power flow ranges for SCP3 and SCP4 in the first and second normal conditions should be increased to compensate for the losses of r r and voltage sag of v r . Therefore, the boundaries for SCP3 and SCP4 in Tab.6 and Tab.7 are a little larger than those based on the simplified model. The differences between the two boundaries for the other SCPs at the sending end have remained within the ranges of those of the simplified model.
The PFOLs for each SCP in the severe operation condition have revolved to much farther regions, which may get close to the regulation limitations by UPFC. The differences between the upper and lower boundaries of the PFOLs for each SCP in Tab.6 and Tab.7 are very close to those based on the simplified mathematical model.
2) ANALYSIS FROM THE LPFM PERSPECTIVE
The test results from the LPFM perspective mainly depict the changing rules concerning the ranges of PFOL and the distributions of PFCP in each operation condition. It is noticed from Fig. 6 that the upper and lower boundaries and their differences of the PFOL for SCP1 are almost the same as those from the simplified model, while the results of SCP3 and SCP4 are larger with the original model. On the other hand, all the PFOLs for SCP2 in different operation conditions share the same center. The PFOLs for all the SCPs in the severe operation condition have revolved to a much larger region than other operation conditions to meet the requirement of OSIV.
Moreover, the relative positions of the power flow curves of PFOL regarding the phase angle θ of -π /6 and -π/6 for SCP1 stay the same throughout the four conditions, while those for SCP3 and SCP4 in the severe operation conditions have rotated to different relative positions. These above results coincide with the results from the simplified model.
In order to intuitionally present and compare the upper and lower boundaries regarding the power flows for each SCP from the original model, the corresponding stacked histograms are plotted in Fig.7 , respectively.
Based on the analysis above, it could be concluded that test results in the two-dimensional planes from the original model have good agreement with the results from the simplified model.
B. TEST RESULTS GROUP OF POWER FLOWS AGAINST PHASE θ
In this subsection, the test results based on the original mathematical model are analyzed considering the active power and reactive power against phase angel θ of OSIV, and the power flow results for each SCP are plotted in Fig.8 .
1) ANALYSIS FROM THE GPFM PERSPECTIVE
As plotted in Fig. 8 that the active power curves for SCP1, SCP3 and SCP4 locate within certain region in the normal operation conditions. However, these curves in the severe operation condition have shifted upward significantly, revealing that the power flow curves may move closer to the operation boundaries in the severe operation condition. The power flow curves for SCP2 have not shifted obviously in the normal operation conditions, and all of them locate within certain regions of −40.2 p.u. to 0.2 p.u. But in the severe condition, they extend to the regions of −0.6 p.u. to 0.6 p.u. The features imply that the variation ranges of the power flows at SCP2 can extend significantly to adapt the severe condition.
2) ANALYSIS FROM THE LPFM PERSPECTIVE
From the LPFM perspective, the relationship between the ranges of each power flow curve and the phase angle θ in each operation condition is analyzed.
It can be seen from Fig.8 that the variation ranges of the active powers for SCP1, SCP3 and SCP4 in the normal operation conditions reach a little more than 0.7 p.u., while variation range of SCP2 is only about 0.3 p.u. For the severe operation condition, the variation ranges of SCP1, SCP3 and SCP4 remain almost the same, while the variation ranges of SCP2 expand to about 0.9 p.u. The results indicate that the output active powers of UPFC are much smaller than the system in the normal conditions, but they can expand to be a little more than the system in the severe condition. From the power flow curves for SCP4, it could also be seen that the active power and the reactive power vary from −0.1 p.u. to 1.1 p.u. and from −0.5 p.u. to 0.35 p.u. in normal conditions. These results will also provide references for the power flow regulation of receiving end.
C. TEST RESULTS GROUP OF POWER FLOW POLAR CURVES
The above section has analyzed the rules concerning the active and reactive powers against phase angel θ of UPFC. In order to outline the apparent power capacities for each SCP and the regulation requirements of OSIV, the polar plots concerning the apparent power capacities and the phase angle θ are deduced and plotted in this section. The apparent power flows can be deduced out as (7) .
Here, the subscript j is the number of each SCP. S j stands for the apparent power for SCP j ; |S j | denotes the apparent power capacity for SCP j .
1) ANALYSIS FROM THE GPFM PERSPECTIVE
The polar curves for each SCP in different operation conditions are depicted in Fig.9 and Fig 10. The polar curves of all conditions for each SCP are listed in Fig.9 . Noted that the polar curves for each SCP in the severe condition are much larger than the other conditions, and it is not convenient to plot them in Fig.9 . For the convenience of comparisons, all the polar curves under each condition are listed in Fig.10 . The maximum and minimum polar radiuses are also depicted by the same color lines as the respective polar curves, and their capacities are also listed with corresponding phase angle θ in Tab.8 and Tab.9. The polar curves in Fig. 9 and Fig.10 present symmetrical shapes analogous to an apple, and the shape is beneficial for occupying larger polar radiuses within most ranges of phase angle θ. In Fig.10 , the apparent power capacities for all SCPs in the first and third normal operation conditions are much larger than those in the second operation condition, which means that the requirements for the apparent power capacities for all SCPs decrease when the phase difference δ of the system decreases.
It could be also seen that the apparent power capacities for all SCPs in the severe operation condition have increased by more than two times than the normal conditions, revealing that the requirements of the apparent power capacities for all SCPs are much larger in the severe condition.
2) ANALYSIS FROM THE LPFM PERSPECTIVE From Fig. 9 and Fig. 10 , it is noticed that most of the apparent power capacities for SCP1, SCP3 and SCP4 are larger than 2.0 p.u., which are nearly three times larger than those for SCP2. The results reveal that the required apparent power capacities of the UPFC are only about one fourth of the apparent power capacities of the system.
Moreover, it could be seen in Fig. 9 that, the maximum polar radiuses for SCP3 are mainly within the range of phase angle θ are within 30∼60 degrees, while those for the other SCPs are within 60∼90 degrees. The test results indicates that the maximum apparent power capacities for SCP1, SCP2 and SCP4 appear when the phase angle θ of UPFC being regulated within 60∼90 degrees.
D. TEST RESULTS GROUP OF POWER FLOWS AGAINST v 12 IN SPACES
In this section, the test results concerning the active and reactive power flow against OSIVv 12 are analyzed in three-dimensional spaces. For the purpose, two types of figure groups have been listed, respectively. The spatial power flow curves regarding constant phase angle θ for each SCP are listed in Fig.11 , and the power flow partial crossing surfaces (PFPCS) dependent of the phase angle θ within the typical range of −90∼60 degrees are listed in Fig.12 .
1) ANALYSIS FROM THE GPFM PERSPECTIVE
The analysis from the GPFM perspective are mostly deduced from the revolving and intersecting characteristics of each power flow curve and PFPCSs in different operation conditions. From Fig.11 , it is noted that the curves for SCP1, SCP3 and SCP4 gather within certain regions in the first three normal conditions, and they shift slightly when the operation conditions varies. However, the power flow curves in the severe operation condition have revolved to a distant place, which means that the UPFC may get closer to the regulation boundaries and performance of UPFC may deteriorate to some extent near the severe operation condition.
In order to make further understanding of the power flow rules in spaces, the PFPCSs for each SCP in different operation conditions have been plotted in Fig. 12 . In general, the areas and shapes of the PFPCS may characterize the power flow operation regions and regulation capabilities of UPFC for each SCP. For convenience, all the PFPCS have been intercepted within the typical range of −90∼60 degrees for the phase angle θ.
The PFPCSs in Fig. 12 appear to be conical surfaces. It is noted that the distribution of PFPCSs in Fig. 12 were similar to the curves in Fig. 11 . The PFPCSs for different operation conditions have different cone vertex, but the upper sections would intersect with each other when the magnitudes of OSIV increased to certain values.
Therefore, it could be concluded that the distribution rules of the spatial power flow curves and surfaces just coincide with the rules in the two-dimensional planes.
2) ANALYSIS FROM THE LPFM PERSPECTIVE
In Fig. 11 , the power flow curves for SCP2 exhibit nonlinear variation characteristics, which means that the gradients of the curves are gradually increasing with the increase of OSIV magnitudes. In Fig. 12 , the curvatures of the PFPCSs for SCP4 are less than those for SCP1 and SCP3, which make the areas of the PFPCS for SCP4 larger than those of SCP1 and SCP3. Moreover, the PFPCSs for SCP2 in the normal conditions wrap inwardly with each other, while in the severe condition, the curvature radius of the PFPCS increase by large extent. The results means that the area of the PFPCS projected into the p-q plane against the same magnitudes of OSIV in the severe condition are much larger than the normal conditions.
These features are advantageous for increasing the power flow regulation capabilities of the system. The above features also coincide with the derived features from the other perspectives.
V. CONCLUSION
This paper derived the power flow operation rules of the UPFC embedded system at five SCPs, and the tests for the theoretical rules in typical operation conditions are carried out based on the simplified and original mathematical models. The tests results are analyzed from GPFM and LPFM perspectives, respectively. The main power flow operation rules for the UPFC embedded system are summarized as follows:
1) The LPFM mainly describes the changing rules concerning the ranges of PFOL and the distributions of PFCP with the variations of magnitudes and phase angle θ of OSIV. The GPFM mainly outlines the moving trajectories and changing positions of PFOL with the variations of the system operation conditions containing the phase difference δ and the magnitudes of V 1 and v r . 2) When the system operation condition varies, there exist two special types of movements concerning the power flow models of UPFC at the same time, namely the rotations of PFCP in the LPFM and the revolutions of PFOL in the GPFM. The rotations of PFCP are dependent of the magnitudes and phase angle θ of OSIV, and the revolutions of PFOL are dependent of the equivalent radiuses and phase difference δ of the system conditions. The specific distributions of active and reactive power flow of UPFC are located at certain points of the power flow curves within PFOL. 3) From the GPFM perspective, the MTOPs for SCP1 and SCP3 share the same center at certain initial point, but the centers of MTOP for SCP4 shift upwards with the decrease of its equivalent radiuses. With different phase difference δ, PFOLs for SCP1, SCP3 and SCP4 arrange along certain trajectories dependent of the equivalent radiuses. The power flows or P-Q points for each SCP in different ac system conditions could be regulated to the same points by UPFC. The PFOLs for each SCP in the severe operation condition have revolved to much farther regions, which may get close to the regulation limitations of UPFC. The requirements for the apparent power capacities for all SCPs decrease with the decrease of the phase difference δ. The requirements of the apparent power capacities for all SCPs are much larger in the severe condition. 4) From the LPFM perspective. The relative positions of PFCP for SCP1 remain unchanged when the operation condition varies, but those for SCP3 and SCP4 rotate by some degrees. The relative positions of PFCP for SCP3 even change in the severe operation condition. The PFCP in the planes and spaces for SCP1, SCP3 and SCP4 all present linearity, but the PFCP for SCP2 are nonlinear curves. The required apparent power capacities of the UPFC are only about one fourth of the apparent power capacities of the system. The maximum apparent power capacities for SCP1, SCP2 and SCP4 appear when the phase angle θ of UPFC are regulated within 60∼90 degrees. 5) The test results and the analysis for the power flow operation rules of UPFC from the GPFM and LPFM perspectives are matched well with each other based on the simplified and original models, and the test results are well coincident with the theoretical rules. The derived features are advantageous for the UPFC to achieve the power flow regulation and be adaptive to various system operation conditions. 
